Rationale and Objectives: Obstructive sleep apnea (OSA) is associated with oxidative stress and myocardial dysfunction. We hypothesized that the chronic intermittent hypoxia (CIH) component of OSA is sufficient to lead to these adverse effects.
Introduction
Obstructive sleep apnea (OSA) is a common disorder (1) and is a risk factor for cardiovascular diseases including hypertension, coronary artery disease, congestive heart failure, heart attacks and strokes (2 -7). The 3 major components of OSA associated with cardiovascular consequences are large swings in intrathoracic pressure, post-apneic arousals, and chronic intermittent hypoxia (CIH) (2) . In animals, CIH has been shown to be associated with hypertension and sympathetic activation (8 -13) , both of which could influence cardiac function. However, there are few published data on cardiac function in this model.
Oxidative stress, an important component of the generation of cardiovascular complications such as atherogenesis, tissue damage and ischemia-reperfusion injury (14) is defined as an increase in the cellular steady-state concentration of reactive oxygen species resulting from incomplete reduction of molecular O 2 (15) . Reactive oxygen species include the superoxide (O 2 •) and hydroxyl (OH•) radicals, hydrogen peroxide (H 2 O 2 ), and, after scavenging of O 2 • by nitric oxide, peroxynitrite (OONO•). These reactive molecules are cytotoxic, causing lipid peroxidation, DNA damage and mutagenesis, depletion of intracellular ATP, alterations in calcium homeostasis, protein oxidation and apoptosis and tissue necrosis. Reactive oxygen species are generated in the cell by several mechanisms including the xanthine-hypoxanthine system (16), mitochondrial respiratory enzymes, lipoxygenase, certain P-450 enzymes, nitric oxide synthase and membrane-bound NADPH oxidase (17, 18) . Among the endogenous antioxidant systems, superoxide dismutase detoxifies O 2 • forming H 2 O 2 , which is further metabolized by catalase to H 2 O.
Reactive oxygen species are produced in cell culture with short periods of hypoxia (19) and neural tissue (20) with exposure to CIH. Further, oxidative stress (21) (22) (23) and decreased cellular antioxidant capacity (24) have been demonstrated in patients with OSA. However, clinical studies are unable to determine the stimuli responsible for oxidative stress due to the confounding influences of mechanical stresses, post-apneic arousals, and associated medical conditions producing oxidative stress in humans with OSA. Additionally, as oxidative stress markers were only determined from peripheral blood in clinical studies, they cannot determine the relationships between oxidative stress and dysfunction in the myocardium. We used a previously developed rat model (9 -13) to analyze myocardial function during exposure to CIH and its potential association with increased myocardial oxidative stress. The rat model allowed us to control for many of the confounding effects of factors associated with human OSA. We hypothesized that CIH leads to: 1) myocardial dysfunction; 2) oxidative stress; and 3) decreased antioxidant capacity.
This work was presented in part in abstract form at the Spring 2005 meetings of the American Thoracic Society (25) .
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Methods
Studies were approved by the Institutional Animal Care and Use Committee.
Chronic Intermittent Hypoxia: Male Sprague Dawley Rats, 225-275 grams, were randomized into experimental (CIH) and similarly handled controls (HC) (12, 13, 26) . At catheterization, we measured: blood pressure and LV pressures (Micromanometer-tipped catheter), cardiac output (thermodilution), and maximum dp/dt of ventricular pressure rise (dp/dt max ). Stroke volume and systemic vascular resistance were calculated.
Following euthanasia, hearts were removed and perfused via the ascending aorta with saline, the perfusate drained and hearts weighed. The separated LV and RV were stored at -70 o . For analysis, heart tissues were minced and quickly homogenized using a microfuge tube pestle on ice.
As an index of myocardial tissue oxidative stress, total lipid peroxides (LPO)
were measured as the sum of malonaldehyde and 4-hydroxyalkenals (28) using a commercially available kit (Bioxytech LPO-586: Oxisresearch). Protein concentration was determined using a Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, 29).
Lipid peroxides were expressed as micromoles/mg protein.
As an index of antioxidant capacity, we measured cytosolic (Cu/Zn) SOD using a commercially available kit (Bioxytech Oxisresearch SOD-525, 30) following extraction with ethanol-chloroform to inactivate mitochondrial and extracellular SOD.
Protocols:
Hemodynamics, LV function and oxidative stress with exposure to CIH. Two groups of 22 animals each were exposed to CIH or HC respectively for 5 weeks. Subsets were used for measures of invasive and non-invasive cardiac function, SOD and LPO (N indicated in RESULTS). Noninvasive measurements of blood pressure were validated by comparing simultaneous blood pressure measured via tail cuff with those via micromanometer-tipped catheter in 3 anesthetized rats while altering intravascular volume via saline infusion and phlebotomy.
To evaluate the development of LV dysfunction, in 2 groups of 6 rats each (CIH or HC), we measured echocardiographic indices at baseline, after 3 weeks and at 5 weeks of exposure.
Data were compiled and expressed as mean + SD. Two-factor ANOVA with post hoc analysis (Neuman-Keuls) was used to analyze variables over time and Student's t-test was used for variables measured at a single time point. Regression analysis was performed using the least-squares technique. The null hypothesis was rejected at the 5% level.
Methods word count: 445 in both groups, with no significant differences between the groups. Analysis of heart weight showed increased heart to body weight ratio, increased LV to total heart weight ratio, and increased LV to RV weight ratio in the CIH-exposed compared to HC rats after 5 week exposure ( Table 2) . Table 3 shows the 5-week catheterizeation data in the 2 groups. Arterial pressure and LVEDP were significantly increased in CIH compared HC. Compared to HC, cardiac output and derived values and dp/dt max were decreased with CIH.
RESULTS
Echocardiographic studies showed that, compared with HC, CIH animals demonstrated increased LV cavitary volumes and decreased fractional shortening and ejection fraction (Table 4) .
While the CIH and HC groups showed similar levels of LV LPO ( Figure 2 ) and LV SOD (Figure 3 ) after one day of exposure, LV LPO levels were significantly greater with CIH after 1-week and 5-weeks exposures and LV SOD levels were lower with CIH after 5-weeks exposure. A similar pattern was seen in RV LPO levels (not shown Figure 4 . For LPO vs. LV function, the regression was significant using a power function. As shown, greater LPO levels (oxidative stress) were associated with decreased myocardial function. Figure 5 shows the time course of changes in echocardiographic measures (N = 6
for each group). For LVD systolic dimension (LVDs) there was a significant increase over time for both CIH and HC (2-way ANOVA). However, by post-hoc analysis (Newman-Keuls), for HC, only the change at 3 weeks was significantly different from its baseline. At 5 weeks, the difference between CIH and HC was significant by post-hoc analysis (Neuman-Keuls, p<.05). There was a significant increase in LV diastolic dimension (LVDd) over time (p<.01). However, by post hoc analysis, for HC, the differences at 3 and 5 weeks were not significantly different from baseline. By post-hoc analysis the differences between HC and CIH were significant (p<.05) at 3 and 5 weeks.
For LVFS and LVEF (derived from dimensions) there was a significant decrease over time (p<.01). Post hoc analysis revealed that there only the difference between 5 weeks and baseline for CIH was significant. At 5 weeks, post hoc analysis showed that the difference between CIH and HC was significant (p<.05). 
Discussion
We utilized a well-described rat model of intermittent hypoxia (9 -13) to study the mechanisms of myocardial dysfunction in obstructive sleep apnea. Using this model, which isolates the intermittent hypoxia component of sleep apnea, we demonstrated that the development hypertension, and of myocardial dysfunction is time-dependent and is associated with increased oxidative stress and decreased antioxidant activity. We also demonstrate a correlation between the degree of cardiac dysfunction and the degree of myocardial oxidative stress. However, as association does not prove causality, additional studies would be needed to confirm a causal relation between oxidative stress and myocardial dysfunction. The ensuing discussion considers these findings in the light of the limitations of the study and the currently available literature.
We observed an increase in tail-cuff SBP in both HC and CIH animals (Table 1) .
However, early on, the change was greater with CIH. While we do not know why SBP increased in HC, this has been observed before (31) and could be due to the stress of handling or the effects of aging and growth. However, the early (2 weeks) response with CIH is consistent with a greater degree of sympathoadrenal stimulation with CIH than with HC. The decrease towards baseline of SBP by 5 weeks, likely reflects adaptive mechanisms including baroreceptor adaptation, parasympathetic upregulation, and increased synthesis of nitric oxide at least in the rat model of CIH (31). However, for all other time points there was no difference in non-invasively measured BP between CIH and HC. To the extent that the non-invasive measurements of BP reflect the afterload placed on the LV, this would suggest that changes in cardiac function and oxidative stress at 5 weeks are not due to differences in LV afterload.
There were no HR differences between CIH and HC. While this might at first be considered inconsistent with heightened sympathoadrenal tone with CIH, in other studies utilizing this model, HR does not change (9 -15) even though the role of sympathetic tone has been clearly documented. There may be adaptive mechanisms with chronic sympathetic stimulation that dampen the heart rate response in rats.
We observed that at 5 weeks SBP measured at catheterization was greater with CIH than HC. These data in anesthetized animals are similar to those reported by Greenberg et al (12) , but appear in contradiction to tail cuff measurements of SPB.
However, blood pressure is determined by the balance of numerous factors, including autonomic tone, renal salt/water handling, and reflex inputs (e.g. baroreceptors). These vary from conscious to anesthetized state and the balance of factors determining SBP is different with anesthesia than while awake. It is possible that the higher SBP recorded under anesthesia with CIH compared to HC represents unmasking of differences in sympathoadrenal tone engendered by CIH, a difference obscured by increased activity of other homeostatic mechanisms while awake.
LV function was adversely affected with CIH compared with HC as indicated by a number of invasive and non-invasively measured indices. Hypertrophy was demonstrated by increased LV/heart weight ( Table 2) , dilation by increased diastolic and systolic chamber size (Table 4) , and decreased function by increased LVEDP, decreased dp/dt max and cardiac output (Table 3) . What are the possible causes of diminished LV function with CIH? We do not believe that differences in LV afterload (BP) could account for the observed changes. We believe that the non-invasive measurements of BP more accurately reflect LV afterload during the exposure period, since these are measured in the non-anesthetized state. While there were differences in non-invasive BP at 2 weeks, there were none at any other time period. Although we cannot totally rule out some residual effect of early BP differences, it seems unlikely that these could cause changes in LV function of the magnitude we observed at 5 weeks (e.g. 22% decrease in fractional shortening and a 50% increase in LV end-systolic volume). As noted above, during anesthesia (invasive measures) BP was observed to be higher in CIH than HC.
However, the magnitude of this effect was small, 10 mm Hg (approx. 10%) difference in MAP. It is not likely that this small difference in LV afterload could have caused the large differences in invasive indices of LV function we observed, 71% increase in LVEDP, 33% decrease in cardiac output, and 30% decrease in dp/dt max . Hence, it seems more likely that the effects of hypoxia mediated changes in myocardial function.
In patients with OSA, myocardial dysfunction and hypertrophy have been welldocumented in many studies and attributed to the effects of hypertension, mechanical swings in intrathoracic pressure and sympathetic stimulation (reviewed in refs 2, 32 and 33). Our study demonstrates that sequalae of the intermittent hypoxia of OSA are sufficient to lead to myocardial dysfunction, although other factors such as obesity and concomitant medical conditions certainly may contribute as well in clinical disease.
The mechanisms by which CIH produce oxidative stress are not well characterized. Certainly, intermittent hypoxia resembles the classic model of myocardial ischemia-reperfusion injury (see refs 34 -36 for recent reviews). Much attention has been focused on the role of reperfusion in generation of reactive oxygen species. In the setting of ischemia and reperfusion, the carefully coordinated homeostasis between reactive oxygen species and endogenous antioxidants is disturbed. The reintroduction of molecular oxygen following ischemia is capable of producing excess reactive oxygen species that become capable of damaging cell components such as lipids, DNA and proteins as well as initiating apoptosis. Recently, several investigators have observed reactive oxygen species generation during ischemia (37) . Although this appears paradoxical at first, with ischemia, respiratory cytochromes become redox-reduced, allowing them to directly transfer electrons to oxygen (38) . Considerable molecular oxygen would still be available even with ischemia, and likely more so with hypoxia. In the presence of molecular oxygen, a redox-reduced cell appears capable of producing large amounts of reactive oxygen species (38) . Thus, both the hypoxia per se, and/or the reoxygenation associated with CIH could be capable of producing reactive oxygen species. On the other hand, since blood flow is stopped in the classic ischemiareperfusion model, and not in the intermittent hypoxia model, there may be limits to which one can generalize from ischemia-perfusion to CIH as continued perfusion could allow for wash-out of potentially toxic metabolites.
Another mechanism for the production of reactive oxygen species with CIH is the increase in sympathoadrenal tone associated with CIH (8-13). Beta-receptor stimulation can stimulate myocardial oxidative stress (39) . During the acute phase of sympathetic stimulation, reactive oxygen species are important activators of second messengers (MAP kinase cascades) and during the chronic phase reactive oxygen species appear to participate in events leading to cardiac remodeling and fibrogenesis (39) . Whatever the mechanisms producing oxidative stress with CIH, they appear operative in the two organs most affected by OSA, the heart (present studies) and the brain (20) , suggesting that oxidative stress is a generalized phenomenon of CIH.
The correlation between tissue levels of LPO and LV function (Figure 4) is consistent with the notion that oxidative stress is a contributor to myocardial dysfunction with CIH. However, as association does not prove causality, additional studies would be needed to confirm a causal relation between oxidative stress and myocardial dysfunction.
We cannot rule out the possibility that both LV dysfunction and oxidative stress are due to a third factor, or that LV dysfunction may contribute to oxidative stress.
We found decreased activity of myocardial Cu/Zn (cytosolic) SOD with CIH.
This finding is consistent with human studies demonstrating decreased anti-oxidant 
Critique of Methods:
The studies indicate that the consequences of CIH led to oxidative stress and LV dysfunction. Aside from the exposure to intermittent hypoxic, the groups were placed in similar chambers and exposed to the same conditions of ambient temperature, humidity and noise (see ONLINE METHODS SUPPLEMENT for details). Thus, we cannot attribute the findings to any other differences in handling except for the exposure to CIH versus controls.
We did not find evidence of RV hypertrophy as indicated by RV weight. Others (41) have reported increased PA pressure and RV hypertrophy with CIH, although this is not found in all studies (41) . The rat RV is small and thin-walled with a thickness close to the technical limits of our ability to record on echocardiogram. Hence, we were not able to accurately assess RV function echocardiographically and right-sided pressures and flows were not measured. We note that the trends in LPO and SOD were in the same direction as for the LV suggesting that the same biochemical effects seen in the LV myocardium were also seen in the RV. Figure 6 shows that when measured simultaneously, SBP at catheterization was greater than that measured by tail cuff (both measurements under anesthesia). This likely reflects intrinsic differences in the measurement technique. The micromanometer-tipped catheter has a higher frequency response than the tail cuff plethysmograph, will record intra-arterial reflected waves, and records end-pressures rather than side pressures. These effects will produce a greater SBP recorded from the micromanometer-tipped catheter than the tail-cuff system. However, since the change in simultaneously measured intraarterial and tail cuff pressures was the same as blood volume was changed, lending credence to the findings over time using the noninvasive tail cuff pressure technique.
Conclusions
This is the first demonstration that intermittent hypoxia, a feature of human OSA, leads to myocardial dysfunction, oxidative stress and decreased activity of at least one CIH 235+28 277+27** 307+29** 335+34** 366+35** 386+41** <.001 body weight (gm) HC 237+34 285+35** 318+36** 348+34** 373+28** 394+34** <.001 CIH = Chronic Intermittent Hypoxia; HC = Handled Controls, SBP = systolic blood pressure (mm Hg), HR = Heart rate (BPM); P is for statistical significance for changes for CIH and HC.
For body weight differences between CIH and HC were all NS. For SBP Difference between CIH and HC was p<.05 at 2 weeks. N = 22 for both groups. Statistical significance compared to baseline * = p< .05; ** = p<.01; *** = p< .001. weight. LV = LV free wall weight, RV = RV free wall weight. .001 dp/dt max (mmHg/s) 5072±2191 6596±720 0.039 MAP = mean arterial pressure; SBP = systolic blood pressure, DBP = diastolic blood pressure, HR = heart rate, LVEDP = LV end-diastolic pressure, CO = cardiac output, BW = body weight, SV = stroke volume, SVR = systemic vascular resistance (MAP/CO); dp/dt max = maximum rate of rise of LV pressure. Prior to exposure, and weekly thereafter, animals were weighed, and systolic arterial pressure (SBP) and heart rate (HR) measured non-invasively from the tail, using a commercially available system (Kent Scientific, Torrington CT: XBP1003, Medium Rat plethysmographic BP system). 
Collection of tissues:
Following euthanasia, (Sodium Pentobarbital 100 mg/kg IP), the chest cavity was opened, the heart removed and perfused via the ascending aorta with 50 ml saline at 100 cm H 2 O perfusion pressure. The perfusate was drained and the heart weighed. The LV and RV were separated and weighed. Tissue was stored at -70 o for subsequent analysis. For analysis, heart tissues were minced and quickly homogenized using a microfuge tube pestle on ice.
Lipid Peroxidation: As an index of myocardial tissue oxidative stress, total lipid peroxides (LPO) were measured as the sum of malonaldehyde and 4-hydroxyalkenals (27) using a commercially available kit (Bioxytech LPO-586: Oxisresearch). Protein concentration was determined using a Protein Assay kit (Bio-Rad Laboratories, Hercules, CA, 28). Lipid peroxides were expressed as micromole/mg protein.
Superoxide dismutase (SOD):
Cytosolic (Cu/Zn) SOD was measured as an index of myocardial antioxidant content. Measurements were made using a commercially available kit (Bioxytech Oxisresearch SOD-525 -29) after extraction of myocardial tissue homogenates with ethanolchloroform to inactivate mitochondrial and extracellular SOD.
Protocols:
Hemodynamics, LV function and oxidative stress with exposure to CIH. Two groups of 22 animals each were exposed to either CIH or HC for 5 weeks. All underwent weekly measures of body weight, SBP, and HR using the tail-cuff system. Among these animals subsets were used for measures of invasive and non-invasive cardiac function, SOD and LPO. The numbers used for the different subsets are indicated in the RESULTS section. Noninvasive measurements of blood pressure were validated by comparing simultaneous blood pressure measurements via tail cuff and via Miller catheter in 3 additional anesthetized control rats while altering intravascular volume via saline infusion and phlebotomy.
Time course of changes in LV function:
To evaluate the time course of development of LV function abnormalities in 12 animals, 6 rats exposed to CIH and 6 to HC, we measured echocardiographic indices at baseline and after 3 weeks and 5 weeks of exposure to CIH or HC.
Time course of changes in indices of oxidative stress. Additional groups of 8 CIH-and HCexposed rats were euthanized after 1 day and 1 week of exposure, and along with rats exposed for 5 weeks, were subjected to analysis of oxidative stress (LPO) and Cu/Zn SOD levels.
Statistical analysis: Data were compiled and expressed as mean + SD. Changes in weight, SBP, HR, and LV dimensions over time with CIH and HC were assessed using 2-factor ANOVA, one factor being CIH/HC and one factor being time. Post-hoc analysis using Neuman-Keuls procedure was used to determine the significance of changes compared to baseline and differences at each time point. Differences in invasive and echocardiographic measures between CIH and HC as well as LPO and SOD at 5 weeks were assessed using Student's t-test for unpaired variates. Regression analysis was performed using the least-squares technique. The null hypothesis was rejected at the 5% level. Data were analyzed using GB-stat 9 (Dynamic
